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Galectin-3 Protects Keratinocytes from UVB-Induced
Apoptosis by Enhancing AKT Activation and
Suppressing ERK Activation
Jun Saegusa1, Daniel K. Hsu1, Wei Liu1, Ichiro Kuwabara1, Yasuko Kuwabara1, Lan Yu1 and Fu-Tong Liu1
Keratinocytes undergo apoptosis in a variety of physiological and pathological conditions. Galectin-3 is a
member of a family of b-galactoside-binding animal lectins expressed abundantly in keratinocytes and other
epithelial cells. Here, we have studied the regulatory role of galectin-3 in keratinocyte apoptosis by using cells
from gene-targeted galectin-3 null (gal3/) mice. We showed that galectin-3 mRNA was transiently upregulated
in ultraviolet-B (UVB)-irradiated wild-type keratinocytes. We found that gal3/ keratinocytes were significantly
more sensitive to apoptosis induced by UVB as well as various other stimuli, both in vitro and in vivo, than wild-
type cells. Moreover, we demonstrated that increased apoptosis in gal3/ keratinocytes was attributable to
higher extracellular signal-regulated kinase (ERK) activation and lower AKT activation after UVB irradiation. We
conclude that endogenous galectin-3 is an anti-apoptotic molecule in keratinocytes functioning by suppressing
ERK activation and enhancing AKT activation and may play a role in the development of apoptosis-related skin
diseases.
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INTRODUCTION
Apoptosis is a tightly regulated process that enables removal
of surplus, aged, or damaged cells. During apoptosis, a
complex program becomes initiated that ultimately leads to
the fragmentation of nuclear DNA. The epidermis forms the
outermost component of the body. Epidermal keratinocytes
are continuously exposed to many environmental stresses
that are capable of inducing apoptosis, including a variety of
physical (UV irradiation), biological (cytokines, hormones),
and chemical (drugs, toxins) factors. Keratinocyte apoptosis
has been recognized as an important control mechanism in
the maintenance of epidermal homeostasis and the elimina-
tion of cells with damaged DNA. Accumulating evidence
suggests that keratinocyte apoptosis is associated with various
skin disorders, including skin cancers and eczematous
dermatoses (Trautmann et al., 2000; Raj et al., 2006).
Galectins are a family of animal lectins defined by their
affinity for b-galactosides and the presence of consensus
amino-acid sequences in the carbohydrate-recognition domain.
They exhibit a high degree of evolutionary conservation,
and family members are found in nematodes, insects, and
mammals (Cooper, 2002; Leffler et al., 2004). Presently, 15
members have been identified in mammals. Galectins exhibit
extracellular functions as one might expect from
the abundance of b-galactoside-containing glycoproteins
oriented extracellularly, but they also function intracellularly
in accordance with their localization within the cells. While
these proteins participate in fundamental tasks associated
with the lectin activity, they also function by interact-
ing intracellularly with other proteins in a carbohydrate-
independent manner (Liu et al., 2002).
Galectin-3 is the only chimeric galectin that consists of a
flexible nonlectin domain made of tandem repeats linked to a
C-terminal carbohydrate-recognition domain. It is widely
distributed in normal and disease tissues. It is highly
expressed in a variety of inflammatory cells and epithelial
cells including keratinocytes (Liu and Rabinovich, 2005).
Galectin-3 is known to be involved in various biological
events, including pre-mRNA splicing, cell adhesion, cell-
cycle regulation, and apoptosis (Liu et al., 2002; Yang and
Liu, 2003).
Considerable evidence has accumulated showing that
galectins are a family of apoptosis regulators. Galectin-3 has
been shown to inhibit apoptosis induced by different stresses
in a number of cell types through intracellular mechanisms
(Liu et al., 2002; Nakahara et al., 2005). Other galectins, such
as galectin-1, -7, and -9, on the other hand, possess pro-
apoptotic activities (Rabinovich, 1999; Hernandez and
Baum, 2002; Liu and Rabinovich, 2005). Recent reports
showed that extracellular galectin-3 can also directly induce
cell death in human thymocytes and T cells (Fukumori et al.,
2003; Stillman et al., 2006). In addition, it is known that
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intracellular galectin-3 does not function as an anti-apoptotic
protein in some cell types (Nakahara et al., 2005).
The mechanism underlying the anti-apoptotic activity of
galectin-3 is not fully understood, and the role of this protein
in keratinocytes is unknown. Moreover, most of the studies
were performed with transfectants overexpressing the protein.
The availability of gene-targeted mice lacking galectin-3
(gal3/ mice) has made possible the studies of the functions
of endogenous galectin-3 (Colnot et al., 1998; Hsu et al.,
2000). The aim of this study is to gain insight into the function
of galectin-3 in keratinocyte apoptosis, by using keratinocytes
from gal3/ mice. Our study shows that galectin-3 mRNA is
transiently upregulated in ultraviolet-B (UVB)-irradiated
keratinocytes. Importantly, gal3/ keratinocytes is signifi-
cantly more sensitive to apoptotic stimuli than wild-type
(gal3þ /þ ) cells both in vitro and in vivo. Moreover, we
demonstrate that increased apoptosis in gal3/ keratinocytes
is attributable to increased extracellular signal-regulated
kinase (ERK) activation and decreased AKT activation after
UVB irradiation.
RESULTS
Galectin-3 mRNA increases in keratinocytes exposed to
UVB-irradiation
To study the role of galectin-3 in UVB-induced apoptosis, we
first determined whether galectin-3 gene expression in
keratinocytes was affected by UVB irradiation. As shown in
Figure 1, real-time PCR analysis revealed that galectin-3
mRNA in cultured mouse keratinocytes increased signifi-
cantly 1 hour after UVB irradiation (100 Jm2), but sub-
sequently returned to the basal levels (Figure 1). We
measured the levels of galectin-3 protein in wild-type mouse
keratinocytes after UVB irradiation, but did not notice a
significant change at 0.5, 1, 2, 6, and 24 hours compared
with the baseline (data not shown).
Gal3/ keratinocytes are more sensitive to UVB-induced
apoptosis in vitro
To determine whether galectin-3 plays a role in UVB-induced
apoptosis in keratinocytes, we studied keratinocytes from
gal3þ /þ or gal3/ mice treated with UVB in vitro and
assessed the degree of apoptosis. We first quantitated by flow
cytometry keratinocytes that were positively stained by FITC-
labeled annexin V, at 24 hours after UVB irradiation, when
the apoptotic response is known to peak. Both gal3þ /þ and
gal3/ keratinocytes showed an increase in the number of
positively stained cells as the dosage of UVB increased. There
were significantly more positively stained cells in irradiated
gal3/ keratinocytes compared with irradiated gal3þ /þ
counterparts (Figure 2a).
Then we analyzed the nuclear morphology of UVB-treated
cells by Hoechst 33342 staining. Exposure of cells to UVB
resulted in chromatin condensation and nuclear fragmenta-
tion, which are characteristic of apoptotic changes. Consis-
tent with the previous report, about 5% of unirradiated cells
displayed apoptotic morphology (Grossman et al., 2001). As
shown in Figure 2b, gal3/ keratinocytes contained more
apoptotic cells compared with gal3þ /þ keratinocytes after
UVB irradiation (Figure 2b).
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Figure 1. Galectin-3 mRNA increases in normal mouse keratinocytes
exposed to UVB radiation. Total RNA was extracted from cultured mouse
keratinocytes exposed to UVB (100 Jm2) at the indicated time points.
Real-time PCR was performed to quantify galectin-3 mRNA. The results
were normalized to hypoxanthine ribosyltransferase. Bars represent
mean±SD. Similar results were obtained in two additional experiments.
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Figure 2. Gal3/ keratinocytes are more sensitive to UVB-induced apoptosis in vitro. (a) Flow cytometric analysis of annexin-V-stained keratinocytes.
Keratinocytes from gal3þ /þ and gal3/ mice were untreated or irradiated with UVB at the indicated doses in vitro. Cells were harvested 24hours later and
apoptosis was measured by flow cytometry with annexin-V-FITC and propidium iodide counterstaining. (b) Analysis of keratinocytes exposed to UVB for
pycnotic nuclei. Keratinocytes were plated on coverslips and mock-treated or irradiated with UVB at 100 Jm2, followed by incubation for 24 hours. The cells
were fixed, stained with Hoechst 33342, and analyzed for nuclear morphology of apoptosis by fluorescence microscopy. Cells with condensed or fragmented
nuclei were determined as apoptotic cells. Data are expressed as percentage of apoptotic cells based on counting at least 150 cells. (c) Quantitative detection of
histone-associated DNA fragments. Keratinocytes were irradiated with UVB (100 Jm2) or cultured with hydrogen peroxide (25 mM) or etoposide (25mM).
Twenty-four hours later, histone–DNA complex was detected in an ELISA-based assay. Bars represent mean±SD. *Po0.05. **Po0.001. Similar results were
obtained in two additional experiments.
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Another hallmark of apoptosis is the endonuclease-
mediated cleavage of DNA into histone-associated frag-
ments, which can be detected by specific antibodies. By an
ELISA-based assay, we observed that UVB-induced DNA
fragmentation was significantly enhanced by galectin-3
deficiency (Figure 2c).
Gal3/ keratinocytes are more susceptible to apoptosis
induced by various agents
We also treated cells with hydrogen peroxide and etoposide
to determine whether galectin-3 deficiency renders cells
more susceptible to other apoptotic stimuli. The difference in
apoptosis susceptibility between gal3þ /þ and gal3/
keratinocytes was also observed when cells were exposed
to these agents (Figure 2c). These results confirm that
galectin-3 deficiency makes keratinocytes more sensitive to
apoptosis in vitro.
A larger number of keratinocytes in the skin of gal3/ mice
undergo apoptosis when irradiated by UVB ex vivo
We also evaluated UVB-induced apoptosis in the skin ex
vivo. Skin sections from gal3þ /þ and gal3/ mice were
irradiated with UVB and, 24 hours later, apoptotic keratino-
cytes were detected by TUNEL assay for internucleosomal
DNA fragmentation. UVB irradiation induced the appearance
of TUNEL-labeled apoptotic keratinocytes in the epidermis in
a dose-dependent manner (Figure 3a and b). The number of
TUNEL-positive keratinocytes was significantly higher in the
skin from gal3/ mice compared with gal3þ /þ mice at
24 hours after exposure to 1,000 Jm2 of UVB, although there
was no significant difference between the two groups
exposed to a lower dosage (500 Jm2) (Figure 3b). TUNEL-
positive cells were detected predominantly in the basal layer
of epidermis in gal3/ skin (Figure 3a).
More apoptotic keratinocytes are found at allergic skin
inflammation sites in gal3/ mice
Trautmann et al. (2000) demonstrated that keratinocyte
apoptosis caused by skin-infiltrating T cells is a crucial event
in the formation of eczematous lesions in both atopic
dermatitis and allergic contact dermatitis. Thus, we evaluated
keratinocyte apoptosis in a mouse model of atopic dermatitis
that displays many of the features of human atopic dermatitis,
including acanthosis of the epidermis and inflammatory cell
infiltration in the dermis (Wang et al., 1996; Spergel et al.,
1998). Significantly more apoptotic keratinocytes were found
at the ovalbumin-sensitized skin sites in gal3/ mice (Figure
3c), compared with gal3þ /þ mice. TUNEL-stained keratino-
cytes were barely detected at the PBS-treated skin sites in
gal3þ /þ and gal3/ mice.
Galectin-3 deficiency does not alter the expression of other
galectins in keratinocytes
The outcome of cell survival/apoptosis may be dependent on
the expression profile of different galectin members, some of
which are pro-apoptotic and others are anti-apoptotic (Hsu
et al., 2006). A recent report has shown that healing corneas
of gal3/ mice contained significantly reduced levels of
galectin-7 compared with those of gal3þ /þ mice (Cao et al.,
2002). This suggests that altered expression of one galectin
may affect the expression of others. We therefore studied
gene expression patterns of galectin family members in
keratinocytes from gal3þ /þ and gal3/ mice. cDNA
microarray analysis showed that galectin-1, -3, and -7 are
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Figure 3. Higher numbers of apoptotic keratinocytes are induced by UVB irradiation and epicutaneous ovalbumin sensitization in gal3/mice. (a and b) Skin
sections from gal3þ /þ and gal3/ mice were placed on gauze soaked in RPMI medium and irradiated with UVB ex vivo at the indicated doses. Twenty-four
hours after irradiation, samples were processed for TUNEL reaction. (c) Gal3þ /þ and gal3/ mice were treated with three 1-week periods of epicutaneous
application of ovalbumin or PBS, each 2 weeks apart. Skin sections were obtained from the treated areas 24 hours after the third sensitization period and
processed for TUNEL reaction. Apoptotic cells were counted per cm in the skin sections. Bars represent mean±SD. *Po0.05.
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three major galectins in wild-type mouse keratinocytes, as
well as normal human keratinocytes (data not shown). These
results were further confirmed by real-time PCR analysis
(Figure 4a). There were no differences in the expression levels
of galectin-1, -7, and -9 between gal3þ /þ and gal3/
keratinocytes (Figure 4a). These results suggest that galectin-3
deficiency does not alter the expression of other galectins.
UVB-induced galectin-7 response is comparable in gal3þ /þ
and gal3/ keratinocytes
Bernerd et al. (1999) demonstrated that the amount of
galectin-7 mRNA and protein increased in keratinocytes after
UVB irradiation, paralleling p53 stabilization, and they
provided evidence that galectin-7 contributes to UVB-
induced apoptosis in keratinocytes. Thus, we then compared
the induction of galectin-7 in UVB-treated gal3þ /þ and
gal3/ keratinocytes, to determine whether the higher
sensitivity of gal3/ keratinocytes to UVB irradiation could
be due to higher levels of galectin-7. Consistent with the
finding by Bernerd et al. (1999), the amount of galectin-7
mRNA peaked around 6 hours after irradiation. However,
there was no significant difference in the galectin-7 response
to UVB between the two genotypes of keratinocytes (Figure
4b). In addition, the levels of other galectins, galectin-1 and
-9, did not change significantly after UVB irradiation in both
gal3þ /þ and gal3/ keratinocytes (Figure 4b). Thus,
galectin-3 deficiency does not alter the galectin-1, -7, and
-9 responses to UVB in mouse keratinocytes.
UVB-induced JNK and ERK phosphorylation is higher in
gal3/ keratinocytes
To illustrate the mechanism of the anti-apoptotic activity of
galectin-3 in keratinocytes, we next focused on the signal
transduction pathways in UVB-induced keratinocytes. Mito-
gen-activated protein kinases have been shown to form the
core signaling unit of UVB-induced stress responses in
keratinocytes (Assefa et al., 1997). The three major families
of the mitogen-activated protein kinases are ERK, c-Jun N-
terminal kinase (JNK), and p38 mitogen-activated protein
kinase.
Comparable basal levels of JNK 1/2, p38, and ERK 1/2
activity were detected in unirradiated gal3þ /þ and gal3/
keratinocytes by immunoblot analysis (Figure 5a and b). JNK
1/2 and p38 have been shown to be activated within
30minutes after UVB, and then gradually return to the basal
levels in normal human epidermal keratinocytes (Mantena
and Katiyar, 2006). We noted that JNK 1/2 activity was
significantly higher in gal3/ keratinocytes compared with
gal3þ /þ cells at 6 hours after irradiation (Figure 5a and b).
Consistent with the previous reports (Nakamura et al.,
2001; Zhang et al., 2004), there was a slight increase in
phosphorylation of ERK 1/2 occurring within 0.5 hour after
UVB irradiation. Phospho-ERK 1/2 levels returned to the
baseline, but were then strongly induced at 6 hours after
irradiation. Although comparable levels of phosphorylated
ERK 1/2 were detected between the two genotypes of cells at
0.5 hour after UVB irradiation, the level was significantly
higher in gal3/ keratinocytes compared with gall3þ /þ cells
at 6 hours after irradiation (Figure 5a and b).
ERK inhibitor decreases UVB-induced apoptosis in gal3/
keratinocytes
The roles of JNK 1/2 and ERK 1/2 in UVB-induced apoptosis
are still controversial. Previous studies have shown that JNK
1/2 and ERK 1/2 may be involved in both cell survival and
cell apoptosis, depending on the cell type and/or the nature
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Figure 4. Galectin-3 deficiency does not alter the expression of other galectins. (a) Total RNA was extracted from keratinocytes from gal3þ /þ and gal3/
mice and cDNA was synthesized. Real-time PCR was performed to quantify mRNA. The results were normalized to hypoxanthine ribosyltransferase.
(b) Total RNA was extracted from keratinocytes exposed to UVB at the indicated time points. Real-time PCR was performed to quantify galectin-1, -7, and -9
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of the stimuli (Wada and Penninger, 2004). To assess the
relationship between the increase in JNK 1/2 and ERK 1/2
phosphorylation to enhanced apoptosis in gal3/ keratino-
cytes after UVB irradiation, we treated cells with kinase
inhibitors before UVB irradiation. SP600125 (JNK inhibitor)
and PD98059 (ERK inhibitor) inhibited the activation of JNK
1/2 and ERK 1/2, respectively, after UVB irradiation, as
expected (Figure 5c). Importantly, although both did not
affect the degree of UVB-induced apoptosis in gal3þ /þ
keratinocytes, PD98059, but not SP600125, significantly
suppressed UVB-induced apoptosis in gal3/ keratinocytes
(Figure 5c). Both inhibitors did not affect the viability of
gal3þ /þ and gal3/ keratinocytes, when used alone in the
absence of UVB irradiation (data not shown). The results
suggest that enhanced ERK activation contributes to increased
apoptosis in gal3/ keratinocytes.
AKT phosphorylation is impaired in gal3/ keratinocytes
AKT has been shown to promote cell survival in response to
various stimuli (Datta et al., 1999). A recent report demon-
strated that AKT activation is essential for protecting
keratinocytes against UVB-induced apoptosis (Wang et al.,
2003). We therefore studied the levels of AKT phosphoryla-
tion in gal3þ /þ and gal3/ keratinocytes and found
strikingly diminished levels in gal3/ keratinocytes, both at
the baseline and following UVB irradiation (Figure 6a and b).
Treatment of cells with phosphatidylinositol 3-kinase (PI3K)/
AKT inhibitors, wortmannin, and LY294002 significantly
inhibited AKT activation and resulted in increased apoptosis
in both gal3þ /þ and gal3/ keratinocytes (Figure 6c).
Importantly, the difference in the degree of apoptosis
between the two genotypes was diminished when the cells
were treated with these inhibitors (Figure 6c). Both inhibitors
by themselves in the absence of UVB irradiation did not
affect the viability of the cells (data not shown). The results
suggest that reduced AKT activation contributes to increased
apoptosis in gal3/ keratinocytes.
DISCUSSION
In this study, we have established a role for galectin-3 in the
protection of keratinocytes from apoptosis. First, galectin-3
mRNA increases transiently in keratinocytes exposed to UVB
irradiation. Second, gal3/ keratinocytes are more sensitive
both in vitro and ex vivo to apoptosis induced by UVB, as
well as various other stimuli. This was demonstrated by flow
cytometry analysis of FITC-labeled annexin V assay, nuclear
staining with Hoechst 33342, ELISA for DNA-fragmentation,
and TUNEL assay. Third, galectin-3 deficiency is associated
with alterations in the activation of signaling molecules
known to be involved in apoptosis-regulating pathways.
These include the increased activation of JNK and ERK and
decreased activation of AKT.
Activation of mitogen-activated protein kinases by UV
irradiation represents one of the early cellular responses and
displays a dependence on the dose and wavelength of UV
light as well as the duration of the exposure (Assefa et al.,
1997). We found that UVB-induced activation of JNK and
ERK, but not p38 kinase, was enhanced in gal3/
keratinocytes. There are a number of reports demonstrating
the involvement of the JNK signaling pathway in UVB-
induced apoptosis (Xia et al., 1995; Chen et al., 1999; Davis,
2000). However, we demonstrated that the JNK inhibitor
SP600125 did not affect the degree of UVB-induced
apoptosis in both gal3þ /þ and gal3/ keratinocytes. We
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thus conclude that the difference in the JNK activation
between these two genotypes does not contribute signifi-
cantly to the difference in the degree of apoptosis observed.
Substantial evidence supports that activation of the ERK
signaling pathway contributes to cell survival. Peus et al.
(1999) have shown that inhibition of ERK resulted in
enhanced cell death after UVB irradiation. However,
evidence also exists for a pro-apoptotic role of the ERK
pathway. Another recent report has demonstrated that ERK
activation facilitated UV-induced apoptosis in various cell
types (Tang et al., 2002). The pro-apoptotic function of the
ERK pathway has also been suggested in several other model
systems (Wang et al., 2000; Sutherland et al., 1996;
Alessandrini et al., 1999). With regard to galectin-3, both a
positive correlation (in a galectin-3-overexpressing human
breast carcinoma cell line; Takenaka et al., 2004) and a
negative correlation (in galectin-3 overexpressing human
embryonic kidney cell line; Elad-Sfadia et al., 2004) between
the levels of galectin-3 and phosphorylated ERK exist. These
varying results may be due to variation of the influence of
galectin-3 on the ERK pathway depending on the cell type
and/or the nature of the stimuli, as galectin-3 is capable of
interacting with different intermediates under different con-
ditions. Here, we show that treatment with the ERK inhibitor
PD98059 significantly suppressed UVB-induced apoptosis in
gal3/ keratinocytes, but not gall3þ /þ keratinocytes. Thus,
in the presence of this inhibitor, the difference in the degree
of apoptosis between the two genotypes was diminished. Our
results suggest that the anti-apoptotic effect of galectin-3 in
keratinocytes can be explained by its ability to suppress the
ERK signaling pathway.
AKT is a well-established anti-apoptotic protein. It is
activated by phospholipid products of PI3K and is a prominent
downstream target of PI3K in cell survival signaling (Datta
et al., 1999). It has been shown that AKT activation is essential
for the protection of keratinocytes against UVB-induced
apoptosis by abolishing cytochrome c release and activation
of caspase-9, -8, and -3 (Wang et al., 2003). Furthermore, anti-
apoptotic signals leading to the suppression of UVB-induced
apoptosis by various factors have been shown to be mediated
mainly through AKT activation (Decraene et al., 2002). In this
study, we show that AKT activity substantially decreased in
gal3/ keratinocytes. Furthermore, the difference in the
degree of apoptosis between the two genotypes was dimin-
ished when cells were treated with PI3K/AKT inhibitors. Our
results strongly suggest that the anti-apoptotic effect of
galectin-3 in keratinocytes is associated with its ability to
activate the AKT signaling pathway.
The significant, although transient, increase in the galectin-3
mRNA level at 1hour after UVB irradiation without a sub-
sequent increase in the protein level requires an explanation.
This could be due to the transient nature of the surge in the
mRNA level, which either does not lead to a significant
increase in the protein level or makes the increase harder to
detect. It is also possible that galectin-3 protein is degraded in
cells undergoing apoptosis, thus offsetting the increase in
protein translation. Another possibility is related to the
regulation of galectin-3 by p53. p53 is induced by UVB
irradiation and plays a critical role in UVB-induced keratino-
cyte apoptosis (Oren, 2003). We found p53 protein accumula-
tion as early as 6hours after UVB irradiation in both gal3þ /þ
and gal3/ keratinocytes (and there was no significant
difference in its level between gal3þ /þ and gal3/ keratino-
cytes; data not shown). It has been shown recently that p53
downregulates galectin-3 expression by transcriptional repres-
sion of the galectin-3 gene promoter activity (Cecchinelli et al.,
2006). Thus, we propose that the early upregulation of galectin-
3 mRNA at 1hour is not dependent on p53, but as the p53
protein is subsequently independently induced, it suppresses
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phosphorylated AKT levels were determined by immunoblotting using
specific antibodies. (b) Fold activation was calculated on the basis of
phosphorimager analysis. Bars represent mean±SD from three independent
experiments. *Po0.05, **Po0.01, versus wild-type at the same time point.
(c) Cells were pre-incubated with 500 nM Wortmannin or 20mM LY294002 for
1 hour before exposure to UVB (100 Jm2). Six hours after irradiation, cell
lysates were subjected to immunoblotting with each antibody. Twenty-four
hours later, histone–DNA complex was detected in an ELISA-based assay.
Bars represent mean±SD. *Po0.05.
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the expression of galectin-3 mRNA and protein. This leads to
the transient nature in the induction of the galectin-3 mRNA, as
we noted, and the lack of a readily observable increase in the
protein level.
There is evidence that galectin-3 exerts its anti-apoptotic
activity by interacting with molecular components of
apoptosis-regulating pathways (Liu et al., 2002; Nakahara
et al., 2005; Hsu et al., 2006). These include the well-
established anti-apoptotic protein Bcl-2 (Yang et al., 1996)
and synexin, a Ca2þ - and phospholipid-binding protein
known to regulate intracellular vesicle fusion and membrane
trafficking (Yu et al., 2002). Moreover, Fukumori et al. (2004)
demonstrated that galectin-3 is complexed with Fas-receptor
(CD95), a receptor known to play an important role in the
extrinsic pathway of apoptosis. In addition, galectin-3
becomes associated with membranous structures in apoptotic
cells, especially mitochondria, which are known to be
critically involved in the apoptotic process, and exhibit their
anti-apoptotic activities therein (Matarrese et al., 2000; Yu
et al., 2002). In keratinocytes undergoing apoptosis, whether
galectin-3 binding to these molecules/structures contributes
to regulation of ERK and AKT activation remains to be
determined.
Galectin-3 has been shown to play an important role in
tumor development and progression, including regulation of
tumor cell growth as well as cell motility and invasion, in
addition to inhibition of apoptosis (Liu and Rabinovich, 2005).
AKT has also been demonstrated to play a critical role in
tumorigenic processes. It is overexpressed in many cancer
cells and has been shown to contribute to enhanced cell
proliferation and reduced apoptosis in tumor cells (Cheng
et al., 1996; Toker and Yoeli-Lerner, 2006). In view of our
demonstration that galectin-3 upregulates AKT expression in
keratinocytes under conditions that can lead to development
of skin cancers, galectin-3 may contribute to the development
of skin cancers by regulating the AKT pathway.
Several reports illustrated the differences between cultured
mouse and human keratinocytes. Mouse keratinocytes has
been shown to be more readily immortalized than human
keratinocytes (Greenberg et al., 1998). Chaturvedi et al.
(2004) reported that mouse keratinocytes exhibited increased
expression of keratin-1 and reduced p53 levels compared
with human keratinocytes. On the other hand, significant
similarities in intercellular adhesion, structural integrity, and
immune function-related molecules have been shown
between mouse and human keratinocytes (Chan, 2004).
Thus, although additional investigations using human kera-
tinocytes are necessary, we believe that our results suggest
that galectin-3 may play an important role in the response of
keratinocytes to UVB irradiation in humans.
In conclusion, endogenous galectin-3 is an anti-apoptotic
molecule in keratinocytes. It likely exerts its anti-apoptotic
activity by suppressing the activation of ERK as well as
promoting the activation of the PI3K/AKT pathway. Galectin-
3 may play an important role in regulating keratinocyte
apoptosis in diverse physiological and pathological processes
occurring in the skin, including skin cancers and eczematous
dermatoses.
MATERIALS AND METHODS
Animals
Gal3/ mice were developed as described (Hsu et al., 2000). These
mice were backcrossed to C57BL/6 mice for nine generations, and
interbreeding of gal3þ / F9 resulted in gal3þ /þ and gal3/ mice in
the C57BL6 background, which were used throughout this study. All
experiments with mice were approved by the Institutional Animal
Care and Use Committee of the University of California, Davis
(Sacramento, CA).
Primary cultures of mouse keratinocytes and mouse skin
sections
Mouse epidermal cells were isolated from neonatal C57BL/6 mice
(12–48 hours after birth) and used to establish primary cultures of the
keratinocytes according to the described procedures (Hager et al.,
1999). Briefly, trunk skin was removed and flattened on 10mgml1
of Dispase II (Roche Molecular Biochemicals, Indianapolis, IN) at
4 1C overnight. Then epidermis was separated from the dermis
and minced with scissors. The cells were cultured in Epilife
Medium (Cascade Biologics, Portland, OR) plus 0.06mM CaCl2
supplemented with 10ngml1 mouse epidermal growth factor
(Sigma, St Louis, MO), 1010 M cholera toxin (Calbiochem, San
Diego, CA), and Human Keratinocyte Growth Supplement-V2
(Cascade Biologics).
For ex vivo experiments, full-thickness skin of approximately
3 4 cm was dissected from the back of euthanized mice (7–9 weeks
of age) after the hairs were first removed. The samples were cut into
pieces of approximately 10mm2 each.
UV irradiation
Cultured keratinocytes and skin sections were exposed to UVB
(312nm), using BLE-8T312 UVB lamps (Spectronics Corp., Westbury,
NY). The intensity of the UV light was measured with a calibrated
UVB-Meter model UVB-500C (National Biological Corporation,
Twinsburg, OH). For the in vitro experiments, the dosage used was
100–200 Jm2 and for the ex vivo experiments, the dosage used was
500–1000 Jm2. For the in vitro experiments, equal numbers of
gal3þ /þ and gal3/ keratinocytes were seeded, and the next day,
cells at 70–80% confluency were treated with UVB. Before UVB
irradiation, cells were washed and the media were replaced with
phosphate-buffered saline. After irradiation, the cells were immediately
reconstituted with fresh medium as described above and incubated for
indicated time periods. In some experiments, cells were treated with
the ERK inhibitor PD98059 (50mM; Calbiochem), JNK inhibitor
SP600125 (25mM; Calbiochem) or PI3K/AKT inhibitors, Wortmannin
(500nM; MP Biomedicals, Irvine, CA) and LY294002 (20mM; Sigma),
for 1hour before exposure to UVB. After UVB irradiation, the medium
was also supplemented with the kinase inhibitors. Twenty-four hours
after irradiation, the cells were assayed for apoptosis.
Flow cytometry
After UVB irradiation, both detached and attached cells were
harvested and combined. Mild trypsinization was used to collect the
attached cells. Cells were centrifuged at 200 g for 5minutes,
washed once with PBS, stained with FITC-conjugated annexin V (BD
Pharmingen, San Diego, CA) and propidium iodide, and subjected to
two-color analysis using FACS Calibur (Becton Dickinson, Mountain
View, CA).
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Nuclear staining with Hoechst 33342
Twenty-four hours after UVB-irradiation, cells plated on coverslips
were washed with PBS, fixed with 4% paraformaldehyde, and
incubated for 10minutes with 5 mg of Hoechst 33342 in the dark at
room temperature. The morphological characteristics of apoptotic
cells were identified with the aid of a fluorescence microscope using
the excitation wavelength of 540 nm. Cells with fragmented and/or
condensed nuclei were considered as apoptotic cells.
Quantitative estimation of DNA fragmentation using ELISA
Histone-associated DNA fragmentation was quantitatively estimated
using an ELISA kit according to the manufacturer’s protocol (Cell
Detection ELISAPLUS, Roche Diagnostics Co., Indianapolis, IN).
Briefly, keratinocytes were plated on flat-bottomed six-well plates
(Falcon, Becton Dickinson, Oxnard, CA), irradiated with UVB
(100 Jm2), or cultured with hydrogen peroxide (25 mM) or etoposide
(25 mM). Twenty-four hours later, the plates were centrifuged and the
cell pellets were lysed in buffer provided with the kit. Soluble
histone–DNA complex in the lysates as a result of DNA fragmenta-
tion was measured by ELISA. Absorbance at 405 nm (reference at
492 nm) was measured in each well.
In situ TUNEL assay
Skin sections were placed on a piece of sterile gauze soaked with
RPMI-1640 supplemented with 10% fetal bovine serum, and then
they were either mock-treated or irradiated with the indicated doses
of UVB. Twenty-four hours later, the samples were embedded in
Tissue Tek oxacalcitriol compound (Sakura Finetek, Torrance, CA)
and quickly frozen in liquid nitrogen. TUNEL assay was performed
on 6- to 8-mm-thick frozen sections using the In situ Cell Death
Detection Kit (Roche Diagnostics Co.) according to the manufac-
ture’s protocol. Apoptotic cells, which appear as fluorescent cells,
were enumerated under a fluorescence microscope.
Mouse model of atopic dermatitis
Epicutaneous sensitization of 6- to 10-week-old female BALB/c mice
was performed as described previously (Spergel et al., 1998). Briefly,
an area on the trunk of anesthetized mice was shaved with an electric
razor and tape-stripped six times. A quantity of 100mg of ovalbumin
(Grade V; Sigma, St Louis, MO) in 100ml of PBS or 100ml of PBS alone
was placed on a patch of sterile gauze (1 1 cm). The gauze was
secured to the back with Tegaderm (3M Health Care Ltd, St Paul, MN),
which was reinforced with Band-Aid (Johnson & Johnson Medical
Inc., Arlington, TX). The patches were placed for a 1-week period and
then removed. Two weeks later, an identical patch was reapplied to
the same skin sites. Each mouse had a total of three 1-week exposures
to the antigen separated from each other by 2-week intervals. Skin
samples were obtained 24hours after removal of the skin patch and
frozen sections were prepared for TUNEL assay.
Western blot analysis
Cells were solubilized in lysis buffer (1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS in PBS) containing 1mM phenylmethane-
sulfonyl fluoride, 10mgml1 aprotinin, and 10mgml1 leupeptin at
41C for 20minutes. After centrifugation at 10,000 g for 15minutes,
the supernatants were removed and the protein concentrations were
determined by using the BCA Protein Assay Reagent (Pierce Chemical
Company, Rockford, IL). Samples containing 10–30mg of proteins
were boiled for 5minutes in SDS sample buffer. The activation of JNK
1/2, p38, ERK 1/2, and AKT was determined by immunoblot analysis
using phosphorylation-specific antibodies (Cell Signaling Technology,
Beverly, MA). Density of bands was quantified with Quantity One
software (Bio-Rad laboratories, Hercules, CA).
Real-time PCR analysis
Total RNA was extracted from cells by the RNeasy mini protocol
(Qiagen, Valencia, CA). Total RNA (1 mg) was converted to cDNA by
the reverse transcriptase enzyme reaction (Powerscript, BD Bio-
sciences, San Jose, CA). Real-time quantitative PCR was carried out
in an ABI Prism 7700 sequence detection system (Applied
Biosystems, Foster City, CA) in a 25 ml volume. The reaction mixture
consisted of 50 ng of cDNA template, 1 SYBR Green PCR master
mix (TAKARA, Tokyo, Japan) and 200nM primer mix (forward and
reverse primers combined). Cycling parameters were 951C for
10minutes to activate DNA polymerase, then 40 cycles of 951C
for 20 s and 601C for 1min. Primer sets used are as follows: Galectin-1,
GAAAAGACAGCAACAACCTGTGCCTAC and GAGGGCTACAG
GCTGGCTGGC; Galectin-3, GACAGTCAGCCTTCCCCTTTGAGAG
and AGGCACACAGGGCCGGTTTCGG; Galectin-7, GGCACTGT
CATGAGAATTCGAGGC and CGGTGGTGGAAGTGGAGATATTC
GTC; Galectin-9, GTGATATCCAGCTGACCCACGTGC and ATGA
TATCAGGGTGGCTCTCCTG; hypoxanthine ribosyltransferase, TGGA
TATGCCCTTGACTATAATGAGTACTTCAG and GTCTGGGGACGC
AGCAACTGAC.
Statistical analysis
Statistical analysis was accomplished by Student’s t-test using the
software GraphPad Prism ver 4. Values of Po0.05 were considered
significant.
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